ABSTRACT: Treatment of complex osteoporotic distal femur fractures with the Less Invasive Stabilization System (LISS) has been associated with high complication rates. The aim of this study was to investigate the biomechanical competence of two different techniques of augmented versus conventional LISS plating. Unstable distal femoral fracture AO/OTA 33-A3 was created via osteotomies in artificial femora simulating osteoporotic bone. Three study groups, consisting of 10 specimens each, were created for fixation with either LISS plate, LISS plate with additional polylactide intramedullary graft, or LISS plate plus medial locking plate (double plating). All specimens were non-destructively tested under axial (20-150 N) and torsional (0-4 Nm) quasi-static loading. Each bone-implant construct was tested with two different working length (WL) configurations (long and short) of the LISS plate. Relative movements between the most medial superior and inferior osteotomy aspects were investigated via three-dimensional motion tracking analysis. Double plating revealed significantly smaller longitudinal and shear displacement than the other two techniques (p 0.001). In addition, LISS plus graft fixation was with significantly less longitudinal displacement in comparison to conventional LISS plating (p < 0.001). Long WL resulted in significantly higher longitudinal and shear displacement compared to short WL for LISS and LISS plus graft (p 0.032), but not for double plating (p > 0.999). In conclusion, intramedullary grafting resulted in significantly increased fracture stability under axial loading in comparison to conventional LISS plating. Although it was not efficient enough to provide comparable stability to double plating, intramedullary grafting may be considered as a useful biological alternative to the latter in a surgeon's armamentarium. ß
Fractures of the distal femur account for 3-6% of all femoral fractures [1] [2] [3] and represent the second most common fractures of the femur following proximal ones. 4 The female geriatric population is with a higher risk of sustaining a fracture of the distal femur in comparison to the male one. The incidence of distal femoral fractures is increasing, which enlarges the social and economic burden. 5 Geriatric patients are often characterized by poor bone quality with different degree of severity, caused by age-related osteoporosis, systemic diseases or stress shielding by prostheses, compromising implant anchorage and leading to implant cut-out, malunion, or non-union. 1, 6 Previous work reported that in elderly populations with patients aged 77 and 82 years on average, approximately one third (34-41%) of the distal femoral fractures were periprosthetic or peri-implant fractures. 7, 8 The broad range of comorbidities increases the risks of local and systemic complications and premature death after geriatric distal femoral fractures. 4, 9 In addition, elderly patients are frequently not compliant to partial weight-bearing and thereby contribute to increasing the risk of fixation failure. The mortality rate in geriatric patients undergoing operative treatment after having sustained a distal femoral fracture can be as high as 30% within the first year after surgery. 4, 8, 10 Early clinically relevant complications are reported in 37.5% of the cases with patients aged over 60 years, with non-union rate accounting for up to 24%, taking into consideration that it could have been even higher due to patients who died before bone union. 9 Currently, there are no existing guidelines and consensus on the operative and fixation techniques for complex distal femoral fractures, nor on the postoperative treatment regarding safe weight-bearing in order to reduce morbidity and mortality rate. 8 Nowadays, locking plates are widely accepted as the implants of choice for internal fixation in osteoporotic bone. 11 In general, they provide superior anchorage versus conventional plates, have slightly broader indications than intramedullary fixation devices, and result in more favorable clinical outcomes if applied in combination with biological-friendly surgical approaches. 3, 12 However, plating with the Less Invasive Stabilization System (LISS) alone may not always be able to provide sufficient stability in complex osteoporotic fractures, which can be reflected by a considerable complication rate regarding fixation and healing problems. 13 In such difficult cases, additional fracture stabilization is mandatory. A single laterally applied LISS plate can be combined with a retrograde intramedullary nail 14 or with an additional buttress plate to the medial side of the femur. Apart from double plating, intramedullary auto-or allogenic grafting with bone struts in combination with lateral plating was introduced as a more biological alternative to double plating. It was reported to enhance screw anchorage, to provide sufficient stability of fixation and to enhance bone healing by integration of the graft with the host bone. 13, 15 Although double plating and augmented plating with intramedullary grafting were extensively studied in view of clinical and biomechanical performance, to the best of the authors' knowledge there is no data subjecting these two techniques to a direct comparison. Therefore, the aim of the present study was to explore biomechanically the competence of these two augmentation techniques and compare them to conventional lateral LISS plating. Furthermore, it was sought to investigate the effect of two different working length (WL) configurations of the LISS on construct stability of each technique, simulating a different degree of comminution in the metaphyseal area. We hypothesized that the two augmentation techniques would provide higher fixation stability than conventional LISS plating and that the WL configuration would have a significant effect on the stability of the bone-implant constructs.
MATERIALS AND METHODS

Specimens and Instrumentation
Thirty artificial right femora (#LD2162, SYNBONE AG, Malans, Switzerland) with low density cortices, soft cancellous bone, and dimensions 450 mm length, 85 mm condylar width and 9.5 mm canal diameter were used in this study as substitutes for osteoporotic femora. The intramedullary canal of each femur was reamed to 13 mm diameter to simulate aggravated bone quality, thinner bone cortex and reduced screw purchase in the osteoporotic bone.
The specimens were divided to three treatment groups with ten specimens each for conventional LISS plating, LISS plus intramedullary graft fixation, and double plating. Each treatment group was investigated with a long and a short WL configuration of the LISS. As a result, six study groups were designated, differing in instrumentation fashion and WL configuration as follows: Conventional LISS plating with long/short WL (LISS-long/short), LISS plating plus intramedullary graft with long/short WL (Graft-long/short), and double plating with long/short WL (Double-long/short).
The conventional LISS plating was performed with application of a 5.0 mm 9-hole LISS plate made of Ti-6Al-7Nb alloy (DePuy Synthes, Zuchwil, Switzerland) according to the manufacturer's guidelines, using self-tapping 5.0 mm locking screws. 16 All distal holes plus those numbered 5, 7, and 9 in the proximal part of the plate were occupied with screws. After LISS instrumentation, a 2 cm transverse osteotomy gap was set 6 cm proximally to the distal articular femur surface to simulate an extraarticular comminution in the metaphyseal region AO/OTA 33-A3. Following non-destructive mechanical tests with long WL configuration by occupation of the 5, 7, and 9 proximal plate holes, the third proximal plate hole of the LISS plate was additionally occupied with a locking screw to investigate the short WL configuration of the conventional LISS plating.
One polylactide (PLA) based hollow cylindrical intramedullary graft of 200 mm length, 11 mm outer and 5 mm inner diameter was produced by means of three-dimensional printing technology (Ultimaker B.V., Geldermalsen, Netherlands) for each femur in the group with LISS plus intramedullary graft fixation. Its tube-like geometry was designed to mimic a simplified double cortical bone graft such as a fibula graft used for intramedullary reinforcement purposes in the clinical practice. 13, 15, 17 PLA is a biodegradable material with a tensile modulus of 2852 MPa, yield tensile strength of 38 MPa and ultimate tensile strength of 50 MPa. 18 The bending stiffness of each graft sample was determined from a four-point bending test according to ASTM C1161-13 19 in two orthogonal directions and revealed an average value of 105.8 N/mm (standard deviation, SD 13.9). The graft was inserted in retrograde fashion through the distal opening of the medullary canal of the femur until its distal end passed the level of the anticipated most distal screws of the LISS plate so that they were not purchased in the graft. Following graft insertion, the LISS plating and fracture creation were performed in the same way as for the conventional LISS plating, thereby ensuring transfixation of the proximal and one of the distal screws in the graft.
The femora for double plating were treated with a 3.5 mm 11-hole small fragment Locking Compression Plate (LCP) made of Ti-6Al-7Nb alloy (DePuy Synthes, Zuchwil, Switzerland) attached to the anteromedial surface of the distal femur in addition to the conventional LISS fixation. The anteromedial plate was first pre-bent to cling to the distal femur surface and then fixed with six self-tapping 3.5 mm locking screws through the three most distal and the three most proximal plate holes.
All specimens were instrumented by one single surgeon. Proper instrumentation was checked and assured by taking radiographs during each instrumentation procedure. One representative specimen instrumented with each one of the techniques is shown in Figure 1 . Finally, two retro-reflective marker sets were attached on the medial aspects of the proximal and distal fragments at 5 mm distance from the osteotomy line for optical motion tracking.
Mechanical Testing
Mechanical testing was performed on a servo-hydraulic material testing system (Bionix 858, MTS Systems, Eden Prairie, MN) equipped with a 25kN/200Nm load cell, mounted on the machine base. Each bone-implant construct was nondestructively tested under two separate protocols for axial and torsional loading with setups as shown in Figure 2 . In both test types the distal femoral condyle was firmly held in a preshaped polymethylmethacrylate (PMMA, SCS-Beracryl D28, Suter Kunststoffe AG, Fraubrunnen, Switzerland) embedding. The embedding was connected to the load cell via a cardan joint. The setup for axial loading was with 8˚lateral angulation of the femoral shaft and load transfer to the femoral head via a spherically shaped PMMA shell (Fig. 2a) . The torsional loading around the femur axis was realized in a setup with torque application at the proximal part of the specimen via a second pre-shaped PMMA embedding, connected to the machine actuator with a cardan joint (Fig. 2b) .
The protocol for axial loading consisted of a quasi-static compression ramp from 20 to 150 N performed over three cycles in displacement control at a rate of 5 mm/min. The protocol for torsional loading comprised another quasi-static ramp over three cycles of alternating internal and external IS AUGMENTED LISS PLATING BIOMECHANICALLY ADVANTAGEOUS rotation to 4 Nm torque in angle control at 0.5 deg/sec. Starting from a neutral torque-free position, internal rotation was first applied, followed by external rotation while keeping 20 N constant axial compression throughout the whole torsional test.
Data Acquisition
Machine data in terms of axial load, axial displacement, torque and torsional angle were acquired at a rate of 128 Hz.
Interfragmentary movements were investigated in six degrees of freedom via motion tracking analysis using five infrared digital cameras (ProReflex MCU, Qualisys AB, Goghenburg, Sweden) to capture the three-dimensional coordinates of the attached markers at 100 Hz. Longitudinal displacement between the most medial superior and inferior osteotomy aspects along the femur axis was calculated during axial loading together with the bending angle at the fracture site between the proximal and the distal fragments in both frontal and sagittal planes, defined as "gap angle". Moreover, interfragmentary shear displacement between the most medial superior and inferior osteotomy aspects in the transverse plane was calculated separately in internal and external rotation. The outcomes were derived in peak loading condition of the third loading cycle to consider settling effects during testing, and calculated with respect to their values in the beginning of this cycle. In addition, torsional stiffness in internal/external rotation and gap angle stiffness were defined as two further parameters of interest and calculated from the ascending linear slopes of the load-deformation curves during the third cycle of the respective torsional and axial loading tests.
Statistical analysis was performed with SPSS software package (V.21, IBM, Armonk, NY). Normal distribution of the data was screened and confirmed with Shapiro-Wilk test. Significant differences between the study groups were detected with General Linear Model Repeated Measures test with Bonferroni post-hoc correction for multiple comparisons and Paired-Samples t-test. Level of significance was set to 0.05 for all statistical tests.
RESULTS
All parameters of interest were normally distributed in the study groups (p 0.160, Table 1 ). Each of the parameters revealed highly significantly different values among all study groups considered together (p < 0.001).
Longitudinal displacement under axial loading was significantly different between the three fixation techniques for both WLs, with biggest values detected for conventional LISS application, followed by LISS plus intramedullary graft fixation and double plating (p 0.001, Fig. 3 ). In addition, long WL resulted in significantly bigger longitudinal displacement in comparison to short WL for both conventional LISS plating and LISS plus intramedullary graft fixation (p 0.032); however, WL remained without significant effect for double plating (p ¼ 0.999).
Gap angle was significantly bigger for conventional LISS plating versus both LISS plus intramedullary graft fixation and double plating for long and short WL (p < 0.001); however, it remained without significant difference between the two augmented techniques (p ¼ 0.999). No significant differences were found between long and short WL for either of the fixation techniques (p ¼ 0.999).
Gap angle stiffness resulted in significantly lower values for conventional LISS plating compared to LISS plus intramedullary graft fixation and double plating for long as well as for short WL (p 0.001), while no significant differences were detected between the two augmentation techniques (p ¼ 0.999). WL remained without significant influence with regard to this parameter of interest for each of the fixation techniques (p 0.127).
In both internal and external rotation, conventional LISS plating and LISS plus intramedullary graft fixation revealed significantly bigger shear displacement compared to double plating for both WLs (p 0.044), being not significantly different between each other (p ¼ 0.999), Fig. 4 ). In addition, whereas long WL resulted in significantly bigger shear displacement versus short WL for LISS and LISS plus intramedullary graft fixation (p 0.031), it showed no significant effect for double plating (p ¼ 0.999). No significant differences in shear displacement were detected between internal and external rotation for each fixation technique and WL (p 0.090).
In both internal and external rotation, conventional LISS and LISS plus intramedullary graft fixation revealed significantly lower torsional stiffness compared to double plating for long WL (p 0.031). For short WL conventional LISS fixation resulted in significantly lower torsional stiffness in internal and external rotation (p 0.048), while LISS plus intramedullary graft remained without significant differences compared to double plating (p 0.487). For both WLs, conventional LISS plating, and LISS plus intramedullary graft fixation remained without significant differences between each with regard to torsional stiffness (p 0.125). Influence of WL on torsional stiffness was found significant for conventional LISS plating in internal and external rotation (p 0.036), as well as for LISS plus intramedullary graft fixation in external rotation (p ¼ 0.002).
DISCUSSION
The present study assessed the biomechanical capacity of three different osteosynthesis constructs in an AO/ OTA 33-A3 distal femoral fracture model with simulated poor bone quality. The fixation with LISS and With transfixation of the graft to the LISS, an interconnected system was formed to share load between plate and graft. However, it resulted in no considerable advantage regarding torsional stability. In contrast, the additional medial plate increased both axial and torsional stability by means of its buttressing support at the most unstable medial aspect of the fracture site and load redistribution between the two plates. Fixation of unstable extraarticular distal femur fractures with extramedullary implants such as LISS plate is based on the bridging plating principle where appropriate interfragmentary movements, favorable to promote secondary bone healing, are generated by elastic deformation of the implant under load application. 20 In such cases the plate carries the whole load without sharing it with the bone, thus inducing additional stress concentration in the implant. Although LISS plate is characterized with sufficient mechanical rigidity, comparable to other commonly used implants, 21, 22 and is even reported to suppress in some cases bone healing in close proximity under the plate because of its high stiffness, 23 supplementary fixation is still required in osteoporotic bone where no adequate fixation with this locked plate, when used alone, can be realized 24, 25 and considerable loading may escalate implant failure. The risk of such an adverse event is reduced if the fracture gap is relatively small and the elasticity of the bone-implant construct allows bone-to-bone contact at the far cortex. On the other hand, in comminuted fractures with lack of medial support, early weight-bearing with callus formation would provide efficient medial reinforcement to avoid implant loosening or fatigue failure. 15 However, early weight-bearing has been identified as one of the etiological factors for plate failure 16, 17 and is therefore principally not advocated during the immediate postoperative phase. 18 Typical complications with bridging locking plates, related to early weight-bearing, are plate bending, screw cut-out and fatigue implant failure.
19, 20 The risks of fixation failure increase in combination with obesity, poor bone stock or underlying delayed union/non-union.
Disregarding the abovementioned risks, early mobilization is considered as essential in decreasing the amount of local and systemic complications. In general, favorable conditions for callus formation require longitudinal strains in the fracture gap not exceeding 10% 20 or interfragmentary movements between 0.2 and 1.0 mm in most of the cases. 23, 26 Therefore, early but safe partial weight-bearing is advantageous for the patient. Unfortunately, the exact nature of this supposedly causal relation between fixation rigidity and healing potential still remains undefined in the distal femur. Too rigid fixation is associated with suppressed callus formation 27 whereas too elastic fixation lacks stability. Therefore, optimal stabilization in long bone fractures requires finding a compromise between rigid and elastic fixation. 20, 22 Consequently, better knowledge on interfragmentary movements under partial weight-bearing during the rehabilitation period can help finding the appropriate construct providing optimal healing potential. Vice versa, with existing knowledge about the biomechanical stability of a bone-implant construct, recommendations could be made for an adequate loading protocol.
For that purpose, the abovementioned critical aspects of unstable distal femoral fracture fixation in osteoporotic bone were addressed in the current study together with the magnitude of interfragmentary movements. In order to mimic toe-touch weight-bearing (10-15 kg) as a recommended rehabilitation protocol during the first 6-10 weeks postoperatively, 28 150 N axial load was applied with outcomes showing approximately four-to fivefold bigger longitudinal displacement for conventional LISS plating versus LISS plus intramedullary graft fixation, the latter being in its turn an order of magnitude higher compared to double plating. In contrast to conventional LISS plating, both augmented techniques with either short or long working length configurations seemed to provide enough biomechanical stability to the osteoporotic construct, even after extrapolation of the load to full weight-bearing (750 N), and be reliable to address potential negative situations occurring in elderly and/or non-compliant patients. Considering both working length configurations of each plating technique under full weight-bearing of 750 N, the averaged longitudinal interfragmentary displacement at the most unstable medial aspect of the fracture site would be approximately 0.90 mm or 4.5% strain for double plating, 1.5-2.0 mm or 7.5-10.0% for LISS with intramedullary graft fixation, and 8.2-10.2 mm or 41.0-51.0% for conventional LISS plating. Thus, in contrast to conventional LISS plating, even under full weight-bearing both fixation constructs with augmented plating would incorporate fixation stability with appropriate strains of up to 10% 20 enhancing successful healing with callus formation, whereas the conventional LISS plating would most probably lead to non-union. It is also worth mentioning that even under partial weight-bearing of 150N, with its longitudinal interfragmentary displacement of approximately 2.0 mm, the conventional LISS plating with a long working length configuration would touch the borderline of 10% strain which could be critical to promote development of delayed union or non-union.
As elderly patients are often not able to partially weight-bear, they need osteosynthesis stability which is high enough to prevent fixation failure, while on the other hand ensuring certain implant deformation appropriate to promote callus formation.
With its severe displacement at the fracture site and potential lack of callus formation in situations under dynamic loading with full weight-bearing, the conventional LISS plating could most probably result in either malunion in varus, delayed union, non-union or bone-implant failure by screw loosening, screw cutthrough, plate bending, plate fracture or peri-implant fracture. On the other hand, the most probable callus formation at the far cortex of the fracture after augmented plating would provide additional buttress support and load sharing between bone tissue and plate, thus preventing severe implant deformation and implant failure.
During normal walking the torsional moments acting at the hip joint in patients are in the range 1.5-2.0% Newton-body-weight-meters or 11-15 Nm for 750 N body weight. 29 In accordance with the recommended partial weight-bearing protocols, the torsional loading in the present study was limited to 4 Nm, being slightly higher than the theoretically interpolated value under 150 N simulated partial weightbearing; however, relevant considering other daily-life activities, such as stair climbing or standing up form a chair. According to the results from our study, shear fracture displacements in internal and external rotation during normal walking under 15 Nm torsional loading would correspond to 1.42-1.61 mm or 7.1-8.1% strain for double plating, 2.89-4.09 mm or 14.4-20.4% for LISS with intramedullary graft fixation, and 3.33-4.35 mm or 16.7-21.8% for conventional LISS plating. Previous in vivo studies reported that shear movements at the fracture site are considered to negatively impede fracture healing if the respective strain is larger than approximately 30%. 30, 31 Therefore, for all three current fixation methods the shear movements under full weight-bearing-being lower than 22% and hence considerably lower than the critical 6 mm (30%) threshold for excessive shear movements-would not have a negative impact on fracture healing.
Under torsional loading, adding intramedullary graft seems to be a suboptimal solution for augmented fixation of unstable fractures. However, in the current study the intramedullary canal was reamed to worsen the simulated bone quality of the tested femora and diminish the bone-graft contact. With a difference of 2 mm between bone and graft canal diameters, the latter was placed relatively loose in the canal without any contribution of their interface to the primary stability at the fracture site. We anticipate that torsional stability could be improved by creating a kind of pressfit connection between the graft and bone. Along with the plate design and the elastic characteristics of its material, main modulators of interfragmentary motions at the fracture site are the distance between bone and plate (plate elevation) and the working length. 32 The latter two are determined by the surgeon's choice and decision on how to set the overall bone-implant construct stiffness. WL was reported to be the most important factor affecting axial and torsional stiffness. 22 Rigidity towards both axial and torsional loading is principally increased with increasing the number of placed screws. This effect was shown to be valid for up to four screws inserted in each fragment side of the fracture for torsional rigidity and up to three for axial rigidity. 22 Increased WL was found to favor interfragmentary movements and even potentially leading to insufficient stability causing healing disturbances. 32 In the present study, long WL resulted in significantly higher longitudinal and shear displacements compared to short WL for LISS and LISS plus intramedullary graft fixations, but not for double plating. For complex fractures it is generally recommended to occupy the innermost screw holes of the plate, 22 keeping the WL as short as possible. Our findings support this recommendation, with exception of the double plating behavior where no strong WL influence on stability was observed, most probably because the contribution of the medial plate to stability was considerably higher than the decrease in working length.
Although intramedullary grafting is not a new phenomenon, it has not been established up to date as a standard procedure for implant augmentation. In two previous clinical studies, one of them with additional biomechanical testing, 13, 17 the authors emphasized that pressfit connection between the cortical IS AUGMENTED LISS PLATING BIOMECHANICALLY ADVANTAGEOUS graft and bone has the biomechanical benefit of providing better screw anchorage by simulating an enhanced cortical thickness. According to Jiang et al. 17 intramedullary placed fibular grafts can resemble intramedullary nails by offering medullary fixation and optimal alignment. Moreover, the grafts can provide immediate structural continuity at the fracture site, which remedies the disadvantage of the cancellous grafts. Finally and most important, different bone grafting materials can either promote osteogenesis and hence bone healing by osteoinductive proteins, and/or present an osteoconductive scaffold which facilitates biological incorporation within the host bone. 15 In a finite element analysis on intramedullary augmentation Chen et al. 6 reported up to 29% increase in axial and torsional stiffness, as well as significantly less movements at the fracture site with the use of combined locking plate-allograft constructs versus locking plate alone. In the latter, the axial and torsional stresses in the locking plate were 132% and 63% higher in comparison to the plateallograft fixation, respectively. Based on this, the authors concluded that intramedullary grafts are useful augmentation tools for treatment of comminuted fractures in osteoporotic bone. Moreover, we believe that it could be combined more often with minimally invasive plate osteosynthesis (MIPO) approaches without excessive soft tissue compromise.
On the other hand, augmented fixation with additional medial plate is a standard procedure associated with high union rates and no significant postoperative complications. 33, 34 Double plating technique is recommended by many authors for cases where single plate use is not adequate. 24, [35] [36] [37] Fractures with medial cortical comminution, short distal cortical fragment or loss of metaphyseal bone are indicated for double plating. 24 In a previous study comparing locked versus non-locked double plate constructs in comminuted fractures with poor bone stock, Jazrawi et al. 37 reported that the former provide significantly higher fixation stability than the construct with medially and laterally placed conventional plates interconnected with traversing screws and tapped nuts to create an angle-stable unit. Although the medial approach is generally considered as rather demanding, a cadaveric study by Jiamton et al. 38 proved that the distal 60% of the femur are safe for MIPO. In another angiographic study, Kim et al. 39 concluded that anteromedial MIPO is safe up to 8 cm below the lesser trochanter.
Based on the findings in the current study, we presume that the presented intramedullary augmented plating with bone graft may represent an alternative approach to treat severe osteoporotic fractures and that it could be applied either as a second or staged procedure in cases of delayed bone union or as planned reconstruction to provide additional stability and enhance the reparative potential. The implementation is reproducible and can be performed in minimally invasive way avoiding big surgical trauma. In case of pre-implanted lateral plate, no explantation is necessary, but only selected removal and re-insertion of the screws crossing the graft in order to fix it in a stable position.
According to Appleton et al. 7 immediate full weightbearing is applicable after total joint replacement in geriatric patients with severe osteoporotic fractures, however, consequences after failed arthroplasty are worse than failed osteosynthesis. For that reason, despite the fact that augmented LISS plating with intramedullary grafting is not the ultimate solution for such cases under full weight-bearing, it could be an additional insurance for the surgeon and patient to maintain fracture reduction until bone union occurs. Moreover, the intramedullary graft could enhance bone ingrowth and thus provide additional bone stock for further revision surgery or arthroplasty if necessary.
The current study has some limitations. First, an artificial bone model was used, rendering the test conditions less physiological. However, we anticipated that this model would simulate the most unstable scenario to identify and investigate better the differences between the fixation methods. Furthermore, the artificial specimens are advantageous over cadaveric bones in terms of providing more consistent mechanical material properties. Second, standardized positioning of the graft and subsequent screw fixation in the bone was not fully guaranteed based on the reamed intramedullary canal with a bigger diameter to consider clinical situations with anatomical variation among different patients. Third, construct performance was assessed only under non-destructive quasistatic loading without occurrence of bone-implant failure by screw loosening, screw cut-through, plate bending, plate fracture or peri-implant fracture.
For the sake of higher clinical relevance, future studies in this field ought to investigate the performance of the plate-graft fixation in a cadaveric environment under both quasi-static and cyclic loading.
To conclude, intramedullary grafting resulted in significantly increased fracture stability under axial loading in comparison to conventional LISS plating. Although it was not efficient enough to provide comparable stability to double plating, intramedullary grafting may be considered as a useful biological alternative to the latter in a surgeon's armamentarium.
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